Imaging approaches based on single molecule localization break the diffraction barrier of conventional fluorescence microscopy, allowing for bioimaging with nanometer resolution. It remains a challenge, however, to precisely localize photon-limited single molecules in 3D. We have developed a new localization-based imaging technique achieving almost isotropic subdiffraction resolution in 3D. A tilted mirror is used to generate a side view in addition to the front view of activated single emitters, allowing their 3D localization to be precisely determined for superresolution imaging. Because both front and side views are in focus, this method is able to efficiently collect emitted photons. The technique is simple to implement on a commercial fluorescence microscope, and especially suitable for biological samples with photon-limited chromophores such as endogenously expressed photoactivatable fluorescent proteins. Moreover, this method is relatively resistant to optical aberration, as it requires only centroid determination for localization analysis. Here we demonstrate the application of this method to 3D imaging of bacterial protein distribution and neuron dendritic morphology with subdiffraction resolution.
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3D bioimaging | nanoimaging | bacterial imaging | neuron imaging | biophotonics F luorescence microscopy allows the observation of biological samples in a highly sensitive, selective, and relatively noninvasive fashion. Moreover, fluorescence imaging tools can probe deeply into tissues to obtain volume images without physically isolating different sections. However, traditional fluorescence microscopy suffers from diffraction-limited resolution, far larger than actual molecular sizes. Recent development of two different superresolution (SR) fluorescence imaging methods has broken the diffraction limit and enables direct optical observation of biological features near molecular scales. One approach is to create a subdiffraction excitation pattern by stimulated emission depletion (1, 2) or structured illumination (3, 4) , and the other approach is based on single molecule localization (5) (6) (7) (8) (9) ). An essential part of the single molecule localization methods involves centroid fitting of serial single molecule images at the detection plane in order to determine the lateral localization of each fluorescent molecule with precision limited not by diffraction, but mainly by its number of emitted photons. A superresolution 2D image of the sample can then be rendered by overlapping all single molecule localizations from all image frames. This principle of localization has also been applied to single particle tracking (10) (11) (12) (13) (14) .
Single molecule-based superresolution microscopy requires individual chromophores to be turned "on" and "off" sequentially, either by photoswitching or by other stochastic photophysical processes. Compared to synthetic photoswitchable probes, photoactivatable fluorescent proteins (PA-FPs) (15) (16) (17) (18) (19) (20) are superior in many regards: PA-FPs can be genetically fused to target proteins and endogenously expressed in cells and organelles, allowing live cell imaging; moreover, the genetic expression of the PA-FP ensures that it has nearly 100% specificity and efficiency of labeling target protein(s), a level impossible to reach by staining and conjugative probes; finally PA-FPs are much smaller than dye-labeled antibodies, permitting higher labeling density in biological samples, allowing for higher imaging resolution according to the Nyquist criterion (21, 22) .
However, each PA-FP molecule emits a limited number of photons (typically 200-1,000) (19, 23) before it bleaches (its "photon budget"), lower than typical synthetic dyes (>6;000) (24) .
Recently, progress has been reported on extending single molecule-based SR techniques to three dimensions by generating axially sensitive defocusing patterns, such as astigmatism (25) , dual-focal-plane imaging (26) , and use of a double helical point spread function (PSF) (27) to resolve 3D localization of single emitters. In addition to these SR techniques, an interferometric approach (23) has been shown to be able to image biological samples labeled with fluorescent proteins (FPs) within a thickness on the order of the emission wavelength by ultrahigh axial resolution. However, each of these methods has limited biological applicability. Interferometric approaches are technically difficult to implement, and the limited axial range (on the order of the emission wavelength) impedes their application to thick biological samples. Defocusing methods require spreading photons over a larger spatial area at the detection plane, resulting in a much wider PSF. Under conditions of negligible background photon level and no pixelation noise, the single molecule localization uncertainty can be described as σ ¼ s∕ ffiffiffiffi N p , where s is the standard deviation of the PSF and N is the number of detected photons (28) . According to this relationship, a wider PSF leads to a lower localization precision, unless a much higher number of photons is collected from each molecule. So it remains challenging to image samples of endogenously expressed FPs with limited photon budget by defocusing schemes. In addition, due to the intrinsic difference between the width of the lateral and axial PSFs of typical microscope objective lenses, axial resolution is at best two-to threefold worse than lateral resolution in defocusing schemes. Moreover, the defocusing patterns can be distorted by optical aberration when imaging deep regions. Experimental calibration of the PSF deviation is possible in some situations (29, 30 ), but remains difficult in heterogeneous samples such as brain tissue.
To overcome the challenges described above, we have developed a method, termed virtual volume superresolution microscopy (VVSRM), to map single fluorescent emitters in a virtual 3D space with near-isotropic 3D resolution. In this method, a tilted mirror is positioned near the sample region to generate a side view in addition to the front view. The side view provides axial information about the sample, enabling the precise determination of the 3D localization of single fluorescent molecules using centroid analysis in both the front and side views. Similar designs have been successfully implemented in 3D nano-metric particle tracking (31, 32) and in confocal microscopy to improve the axial resolution (33) .
In this paper, we describe the experimental realization of VVSRM and demonstrate the application of this technique to superresolution imaging of bacterial cells and neuronal dendrites.
Results and Discussion
Experimental Realization of VVSRM. The principle of VVSRM is illustrated in Fig. 1 . Built on an epifluorescence microscope coupled to an EMCCD camera, a microfabricated mirror on which the biological sample is mounted is placed near the focal plane of the microscope. The mirror is tilted at an angle θ with respect to the focal plane, to create a side view (virtual image), in addition to the front view (real image) of the fluorescent sample, and both are recorded simultaneously by the EMCCD camera. The spatial coordinates of the virtual image can be deduced by reflectional and rotational transformation of the front view coordinates:
y 0 ¼ y; [3] where (x 0 ;y 0 ;z 0 ) and (x;y;z) denote coordinates in virtual and real space, respectively ( Fig. 1 Inset). When a single emitter is activated and excited, its fluorescence is projected to both views in a near-orthogonal fashion (one directly through the objective; the other from the mirror reflection), and its lateral and axial localizations can be simultaneously resolved. After serial activation, excitation, and localization of labeled fluorescent molecules, a 3D superresolution image can be computationally reconstructed, similar to other single molecule-based 2D SR imaging techniques. When θ ¼ 45°(x 0 ¼ z and z 0 ¼ x), the axial localization precision in the real image equals the lateral localization precision in the virtual image, enabling isotropic 3D resolution.
To observe real and virtual images in simultaneous focus, the fluorescence is split 50∕50 to enable independent adjustment of each path. The 3D localization of single fluorescent molecules can thus be determined with the optimal PSF. We tested the 3D localization precision of single fluorescence beads (diameter of 40 nm) with a typical experimental setting (54.7°tilt angle), and the results are presented in Fig. 2 . There are several possible factors contributing to the slight differences in the localization precision in X, Y, and Z, including the tilt angle (optimal isotropy at 45°) and the reflection efficiency of the mirror coating. Under conditions with photon budgets of ∼500 (comparable to that of most fluorescent proteins, and taking into account the photon loss due to fluorescence splitting), this technique enables sub-100-nm localization precision in all three dimensions. For bright dye molecules with photon budgets over ∼5;000, this method should achieve sub-20-nm isotropic 3D resolution.
Imaging Bacteria by VVSRM. To demonstrate the potential of this superresolution microscopy technique, we present the virtual volume subdiffraction imaging of protein assembly and distribution in single fixed Escherichia coli cells, in which a target protein is fused to mEos2, a green-to-red photoactivatable fluorescent protein (19) .
The first protein we used in our study is the CRISPR (clustered regularly interspaced short palindromic repeats)-associated protein Cas2, a protein involved in phage resistance in bacteria and archaea (34) . Cas2 is present in wild-type E. coli K12 strains, but absent in E. coli BL21(DE3), making it an ideal candidate for analysis. A recent report on distant homologues of the E. coli Cas2 proteins from six different organisms suggests that the Cas2 proteins are endoribonucleases specific for single-stranded RNAs, preferentially cleaving within U-rich regions (35) ; the activity of the E. coli Cas2 protein has not been confirmed. As shown in Fig. 3 , overexpressed mEos2-tagged Cas2 proteins accumulated tightly near both poles of E. coli BL21(DE3) cells. It has been shown that bacteriophage infection takes place preferentially at the poles of bacterial cells (36) . The tight localization of Cas2 at the poles of the E. coli cells is in good agreement with the preferred point of bacteriophage entry; thus it is tempting to speculate that Cas2 localization plays a role in phage resistance. It has recently been reported that protein aggregates can also be accumulated at the poles of bacterial cells (37) , so further analysis is needed to prove the in vivo relevance of this observed localization of overexpressed Cas2. Single molecules with localization precision (FWHM) worse than 100 nm are filtered out in data analysis. The 3D image of the two polar Cas2 protein assemblies generated by VVSRM allows accurate measurement of their volumes, which are 0.078 fL and 0.088 fL, respectively, in total occupying about 10-20% of the E. coli cell volume (38) . 
APPLIED PHYSICAL SCIENCES
If rendered with the resolution of confocal microscopy, their computed volumes are 1.45 fL and 1.55 fL, respectively, much bigger than the cell itself. The results show the capability of VVSRM to image FP-labeled biological samples with sub-100-nm 3D resolution and dramatically improve the accuracy of volume measurements. VVSRM provides a tool to directly image the 3D internal structure of bacteria and archaea, the sizes of which are generally near or below the resolution limit of traditional optical microscopy. We also measured the spatial distribution of the bacterial actin homologue, MreB, in E. coli cells. MreB forms helix-like structures encircling rod-shape bacterial cells (39) . Emerging evidence suggests that MreB plays a critical role in a wide range of essential bacterial cellular functions (9, 39-47) such as cell division, chromosome segregation, cell shape, and polarity. Quantitative single molecule measurements of tagged MreB in the bacterium Caulobacter crescentus (42) indicated the presence of both polymerized and unpolymerized populations of MreB: The polymerized MreB molecules undergo directional movements, whereas unpolymerized MreB molecules are thought to primarily associate with the cell membrane. In our experiment, the gene encoding Fig. 4 , mEos2-tagged MreB distributed close to the cell membrane, leaving the cytoplasm empty. We did not observe a helical or ring distribution of MreB molecules as described earlier (48) (49) (50) . This might be attributed to the presence of abundant overexpressed MreB molecules. Despite difficulties in interpreting the localization of polymerized MreB, our results are consistent with the suggestion that unpolymerized MreB molecules associate with the inner membrane of the bacterial cell.
As the width of E. coli K12(DE3) cells is about 500 nm, it is impossible to fully resolve the 3D arrangement we observed by using conventional light microscopy methods such as confocal microscopy. This result further demonstrates the capacity of VVSRM to resolve subdiffraction cellular localization and structure in bioimaging.
As demonstrated in these examples, VVSRM enables 3D imaging or tracking of structural and functional proteins near or at the molecular scale. VVSRM is a useful tool for dissecting cellular and subcellular fine structures that would be difficult or impossible to resolve by conventional microscopy, especially in small-cell organisms such as bacteria. Moreover, the current VVSRM setup allows for multicolor imaging, so it will be possible to probe the colocalization of different protein components tagged with distinct photoactivatable fluorescent proteins, enabling the elucidation of protein-protein interactions with molecular scale resolution.
Neuronal Imaging by VVSRM. In addition to the localization analysis of Cas2 and MreB in E. coli cells, we demonstrate the potential of VVSRM in imaging a neuronal dendrite with superresolution in Fig. 5 . We incorporate the points accumulation for imaging in nanoscale topography (PAINT) technique (8), using the environmentally sensitive dye Nile Red, which becomes fluorescent only when it transiently binds to cellular membranes. This diffusioncontrolled process also enables the stochastic and serial activation of single emitters for superresolution imaging. It is possible with the PAINT technique to image any membrane structure with high percentage coverage even with low probe concentration (<1 nM), due to the small dye size and almost unlimited mole- cular sampling. Because the number of photons collected from each probe molecule in PAINT is limited by the membranebound dwell time, photon-efficient VVSRM is suitable to combine with PAINT to extract the 3D subdiffraction membrane profile. The setup was almost identical to the one for bacterial imaging, except that a 30°tilted gold-coated mirror was used to create the virtual image, and molecules with localization precision (FWHM) better than 150 nm were selected.
The results in Fig. 5 show that VVSRM is well suited to probe the 3D structure of neuronal dendrites in fine detail. Structural features such as the dendritic invagination (51) (indicated by the blue arrow in Fig. 5 , the dendritic diameter shrinks to about 200 nm from 600 nm) would have been difficult to resolve in conventional 3D imaging. VVSRM will be useful for fine mapping of neuronal morphology and other complex small-scale 3D anatomical structures for projects such as the reconstruction of neurons and neural circuits. Future experiments might entail visualization of small features such as dendritic spines, membrane protein mapping along branched neurons, and small volume calculations of protein abundance.
Discussion
The proof-of-principle experiments described above reveal some key features of the VVSRM imaging approach. Due to the reflectional and rotational transformation process, the field of view of VVSRM is currently limited by the depth-of-focus range of the microscope in both X and Z dimensions. The examples described, bacterial cells and dendrites, are ideal biological systems to be imaged by VVSRM, because they can be easily aligned within the field of view, avoiding overlap between the real and virtual images. To image a sample with a size beyond this scale, multiple regions can be subsequently imaged and tiled in order to construct a volume SR image of the whole sample, using an illumination pattern that confines the excitation and/or activation regions in the X and Z directions. Potentially, a strip-like illumination pattern can be generated by nonlinear optical sectioning methods such as temporal focusing (52) , and images of much larger volumes can be reconstructed by tiling these strip-shaped 3D subimages generated at different stage positions.
VVSRM improves 3D resolution mostly because the tilted mirror helps to capture more photons (nearly a factor of 2) and effectively expands the fluorescence collection angle at least along one dimension. The experimental results indicate that this gain in resolution can even compensate for the loss in photon efficiency due to 50∕50 beam splitting. Moreover, future improvements will include replacing the beam splitter with a sharp-edged mirror placed at the intermediate image plane (Fig. 1) , so that the localization precision in both real and virtual images can be improved by a factor of ffiffi ffi 2 p . There are three major advantages of VVSRM over other 3D SR imaging techniques. First, it requires a smaller photon budget than defocusing techniques, since single-emitter localizations along all directions are obtained from in-focus images. This enables imaging of weak FP-labeled biological samples with almost isotropic sub-100-nm resolution. Usage of larger photon-budget chromophores and more efficient photon detection will result in higher temporal resolution of SR imaging. In addition, the focused single molecule images allow a high density of fluorescent molecules to be activated in each cycle.
Second, VVSRM is less vulnerable than other 3D SR techniques to undesirable optical aberration and axial drift of the sample stage, because only lateral centroid localizations of single emitters in the real and virtual images are needed. Thus it is possible to probe deeply into biological tissues with higher resolution and less aberration. However, in highly heterogeneous and aberrating samples, serious localization errors can still occur even with centroid fitting. Caution should be taken when VVSRM is extended to larger scales, even though the relative localization of single molecules within a small volume should be less affected by such errors than in larger volumes. In addition, certain combinations of mirror angle and objective numerical aperture can lead to significant, intrinsic localization errors (53) .
Third, VVSRM is very simple to implement on a conventional fluorescence microscope, providing a low technical barrier for biological applications. In brief, VVSRM is uniquely suited to resolve weak chromophores in thick samples with near-isotropic 3D superresolution and is complementary to current SR imaging tools.
Materials and Methods
Mirror Substrate Preparation and Configuration. For E. coli imaging, two types of substrates were used. Silicon V grooves (O/E Land Inc., with tilted angle of 54.7°) or flat microscope glass coverslips were sequentially coated with a 150-nm layer of aluminum and 0.7-or 1.4-μm layer of silicon dioxide (Thin Film Coating LLC). Before use, the coated substrates were washed with deionized water and treated in UV/Ozone (BioForce Inc.) for 20 min. The tilted angle of the metal coated coverslip was adjusted to 45°. Though a 45°-tilted angle is optimal for simple and precise determination of axial location of single emitters according to formula 1, in practice the silicon V groove (with angle ¼ 54.7°due to its crystal structure) has the advantage of a clear edge, which is preferable for high numerical aperture objectives with small working distance. In the case of cultured neuron imaging, the aluminum coating did not survive long-term incubation (1 to 2 weeks) in growth medium, so a commercial gold-coated mirror (Thorlabs) was used, and the tilted angle was set to 30°to allow a view of a larger area of the mirror surface away from the mirror edge, making it easier to find dendrites.
Gene Cloning, Transformation And Expression for E. coli VVSRM Imaging. The gene encoding Cas2 was PCR-amplified from E. coli (K12 W3110) genomic DNA with primers 5′-CCCGGGTCATGAGTATGTTGGTCGTGGTC-3′ and 5′-CCCGGGGCGGCCGCTAACAGGTAAAAAAGACACCAACC-3′ (BspHI and NotI sites underlined), digested, and cloned into predigested pRSF-1 (EMD Biosciences). meos2 was PCR-amplified from pRSETA-meos2 with primers 5′-GGGCCCGCGGCCGCGGCAGCGGCATGAGTGCGATTAAGCCAGAC-3′ and 5′-CCCGGGCCTAGGTTATCGTCTGGCATTGTCAGG-3′ (NotI and AvrII sites underlined), digested, and cloned into predigested pRSF-1 containing cas2. The resulting construct containing cas2-meos2 fused with the linker Ser-GlyArg-Gly-Ser-Gly was verified by sequence analysis. E. coli XL-1 (Stratagene) was used during cloning.
E. coli BL21(DE3) (EMD Biosciences) was used as a bacterial host for expression of Cas2-mEos2. Cells were transformed by heat shock, and successful transformants were selected and grown in a 100-mL 2-YT medium at 37°C in a rotary shaker until the optical density at 600 nm (OD 600 ) reached 0.5. Isopropyl-β-D-thiogalactopyranoside was then added to a final concentration of 1 mM. The culture was incubated for an hour at 37°C in a rotary shaker. Cells were harvested by centrifugation (2;000 × g, 4°C) and Fig. 5 . A 3D-VVPAINT imaging of a rat hippocampal neuronal dendrite, one week after isolation and culturing. Grid separation: 500 nm. Cultured neurons were attached to the gold mirror surface by Matrigel, incubated in growth medium, and later fixed by 4% paraformaldehyde in PBS buffer. The arrow points to an invagination of the dendrite. See Movie S3. resuspended in 5 mL PBS, and stored on ice. Before imaging, the bacterial cells were fixed on the substrate surface with 4% paraformaldehyde in PBS buffer.
The gene encoding MreB was PCR-amplified from E. coli K12 (W3110) genomic DNA with primers 5′-ATGCCAGACGAGAATTCGAGCTCTTGAAAAA-ATTTCGTGGCATG-3′ and 5′-GGGCCCCTCGAGTTACTCTTCGCTGAACAGGTC-3′ (XhoI site underlined), meos2 was PCR-amplified from pRSETA-meos2 with primers 5′-GGCGGCCATGGGTAGTGCGATTAAGCCAGACATG-3′ and 5′-ATTT-TTTCAAGAGCTCGAATTCTCGTCTGGCATTGTCAGGC-3′ (NcoI site underlined). The resulting overlapping PCR products were gel-purified, assembled by assembly PCR, digested with XhoI/NcoI, and ligated into predigested pRSF-1 (EMD Biosciences). The resulting construct containing meos2-mreb fused with the linker Glu-Phe-Glu-Leu (the first methionine of MreB was replaced by a leucine, underlined) was verified by sequence analysis. E. coli XL-1 (Stratagene) was used for cloning. The E. coli K12 (W3110) λDE3 lysogen [E. coli K12(DE3)] was constructed using the λDE3 Lysogenization Kit from Novagen following the manufacturer's instructions and used as a bacterial host for expression of mEos2-MreB. Transformation and expression of mEos2-MreB was the same as for Cas2-mEos2, only for mEos2-MreB E. coli K12(DE3) was used as a host for expression.
Rat Neuron Sample Preparation for VVSRM Imaging. Primary hippocampal neurons were isolated from the hippocampus of P1 pups of Sprague Dawley rats, and the neurons were dissociated by papain (Worthington) digestion and plated on mirror substrate coated with Matrigel (Collaborative Biochemical Product, Inc.) diluted 1∶50 in MEM (Invitrogen). Neurons were initially maintained in the plating medium, which is MEM supplemented with 0.02% NaHCO 3 , 0.5% glucose, 0.01% transferrin (Calbiochem), FBS (HyClone, 10 mL per 100-mL medium), L-glutamine (GIBCO, 1 mL 0.2 M solution per 100-mL medium), and insulin (Sigma, 2.5 mg per 100-mL medium). After 24 h, the plating medium was removed and the growth medium was applied to the cells. The growth medium is MEM supplemented with 0.02% NaHCO 3 , 0.5% glucose, 0.01% transferrin, FBS (5 mL per 100-mL medium), L-glutamine (0.25 mL 0.2 M solution per 100-mL medium), and B-27 (GIBCO, 2 mL per 100-mL medium). In some experiments cytosine arabinoside (cytarabine; Sigma, 4 μM) was added after several days to minimize growth of nonneuronal cells. After 1 or 2 weeks of growth, the neurons were rinsed briefly with PBS and fixed with 4% paraformaldehyde in 0.1-M phosphate buffer (pH 7.4) for 10 min. To find dendrites to image, the neurons were immunologically stained with an antibody labeled with green fluorescent dye (Alexa 488), which can be optically separated from the red fluorescence of Nile Red. In the staining procedure, the neurons were blocked and permeabilized with 5% normal goat serum, 0.1% Triton X-100 (Sigma) in PBS (pH 7.4). The primary antibody (rabbit polyclonal neuron specific beta III tubulin, Abcam Inc.) was diluted to a concentration of 1 μg∕mL in 5% normal goat serum and 0.1% Triton X-100 in PBS, applied to cells and allowed to incubate overnight at 4°C. The secondary antibody (Alexa Fluor 488, goat anti-rabbit IgG, Invitrogen) was diluted to a concentration of 4 μg∕mL in 5% normal goat serum and 0.1% Triton X-100 in PBS and applied to cells and incubated for 2 h at room temperature before imaging. The Alexa Fluor 488-labeled neurons and neuronal features were located by epifluorescence imaging (excited by a xenon lamp filtered by blue filters: 472∕30 nm, Semrock Inc.), collected through green filters (525∕30 nm, Semrock Inc.), and subsequently imaged by VVSRM on the same microscope. During imaging, the gold mirror with the fixed neuron sample was immersed in Nile Red (Sigma, 1 nM in PBS buffer) solution.
VVSRM Microscope Setup. In the experimental setup of VVPALM imaging, both the activation laser (405 nm, 50 mW, CUBE, Coherent Inc.) and the excitation laser (561 nm, 25 mW, DPSS laser, Crystal Laser) were collinearly coupled into an inverted fluorescence microscope (Olympus, IX71) with an objective (Olympus 60X, NA 1.2, water immersion). A dichroic mirror (XF2043, Omega Optics Inc.) was used to separate the fluorescence emission signal from laser reflection and scattering. The polarization of the excitation laser was arranged to be parallel to the tilted mirror plane. An achromatic lens (f ¼ 500 mm) was used to focus the laser beams onto the back focal plane of the objective, in order to construct an epifluorescence scheme. The fluorescence beam was further purified with a triple-band notch filter (405∕488∕561 nm, Semrock, Inc.) and emission filters (617∕75 nm, Semrock Inc.). A homebuilt fluorescence detection setup was initially used: The fluorescence from the real and virtual views was separated by a nonpolarizing 50∕50 beam splitter, independently relayed with 1.5× magnification, and focused onto different regions of the same EMCCD camera (Andor Technology, iXonþ, DU888, 1,024 by 1,024 pixels) by a prism mirror (Edmund Optics). Alternatively, a Quad-View system (Photometrics, with built-in customized beam splitter) coupled with a 1.6× magnifier was used for the same purpose. Solis image acquisition software (Andor Technology) was used for data collection.
The power of the excitation laser was attenuated by neutral density (ND) filters (Thorlabs Inc.) to 2-6 mW before entering the objective. The exposure time for each frame was 20-100 ms. The intensity of the activation laser was modulated by a motorized ND filter wheel (Thorlabs Inc.), such that the photoactivated fluorescent protein molecules were serially activated with intensity optimal for spatial separation of single fluorescent molecules.
For neuronal imaging, the same setup was used, with the following modifications: Only the excitation laser (λ ¼ 561 nm) was used (the activation laser was not needed for Nile Red); furthermore, a dipping objective lens (Olympus, 60X, NA1.1, working distance 1.5 mm) was implemented to visualize a larger area on the mirror. The mirror surface was immersed in a 1-nM solution of Nile Red (Sigma) in PBS for PAINT-type imaging.
Image Processing. As a first step, the stack of fluorescence images recorded with the Andor EMCCD camera was analyzed by the Peakselector software package (23) in order to obtain 2D single molecule localization in both real and virtual images. The algorithm is described in Betzig et al. (5) . Second, an algorithm to match molecules in the real and virtual images was applied in the Matlab software suite (Mathworks Inc.) to render a 3D volume SR image. The criteria for matching are based on the observation that the same single molecule should appear in both real and virtual images at the same time and same Y location within experimental uncertainty. Finally, the volume image was presented in Amira (Visage Imaging Inc.). To calculate the volume of a protein assembly, the 3D virtual space was partitioned into cubic units (10 nm × 10 nm × 10 nm), a length scale that should be set to be much smaller than the imaging resolution. Then the summation of all the units with fluorescence intensity above a threshold (half of the average single molecule peak intensity) resulted in the estimated protein volume.
